Ohmic contacts with V/Al/Ni/Au and V/Ni/Au metalization schemes were deposited on AlGaN/ GaN heterostructures. The dependence of the specific contact resistance on the annealing conditions and the V:Al thickness ratio was shown. For an optimized electrode stack, a low specific contact resistance of 8.9 Â 10 À6 X cm 2 was achieved at an annealing temperature of 650 C. Compared to the conventional Ti/Al/Ni/Au contact, this is a reduction of 150 K. The microstructure and contact formation at the AlGaN/metal interface were investigated by transmission electron microscopy including high-resolution micrographs and energy dispersive X-ray analysis. It was shown that for low-resistive contacts, the resistivity of the metalization has to be taken into account. The V:Al thickness ratio has an impact on the formation of different intermetallic phases and thus is crucial for establishing ohmic contacts at reduced annealing temperatures. V C 2015 AIP Publishing LLC. Devices based on III-nitride semiconductors like heterojunction field effect transistors (HFETs) offer superior properties regarding electron mobility, cut-off frequency, and breakdown voltage. Beside the optimization of the channel also the resistance of the source and drain contacts affects the total resistance R ON and is therefore of importance. Due to the low electron affinity of Al x Ga 1Àx N which is 3.6 eV for x ¼ 0.23, 1 only a metal electrode with an even lower work function would form an ohmic contact. Thus, the conventional metalization consists of a Ti/Al/X/Au stack (X ¼ Ni, Pd, Pt, or Mo) which is processed in a rapid thermal annealing step (RTA) after deposition. During the annealing for typically 30 s at 800 C in N 2 atmosphere, a low work function TiN is formed resulting in an ohmic contact to the two dimensional electron gas (2DEG) at the AlGaN/GaN interface.
Devices based on III-nitride semiconductors like heterojunction field effect transistors (HFETs) offer superior properties regarding electron mobility, cut-off frequency, and breakdown voltage. Beside the optimization of the channel also the resistance of the source and drain contacts affects the total resistance R ON and is therefore of importance. Due to the low electron affinity of Al x Ga 1Àx N which is 3.6 eV for x ¼ 0.23, 1 only a metal electrode with an even lower work function would form an ohmic contact. Thus, the conventional metalization consists of a Ti/Al/X/Au stack (X ¼ Ni, Pd, Pt, or Mo) which is processed in a rapid thermal annealing step (RTA) after deposition. During the annealing for typically 30 s at 800 C in N 2 atmosphere, a low work function TiN is formed resulting in an ohmic contact to the two dimensional electron gas (2DEG) at the AlGaN/GaN interface. [2] [3] [4] [5] However, the thermal treatment will lead to serious device degradation if the HFET exhibits an insulated metal gate (MISHFET). Common high-k materials like Al 2 O 3 or Ta and Al-doped HfO 2 recrystallize at temperatures above 700 C or 800 C, respectively, [6] [7] [8] which can lead to a drastically increased gate leakage current. Therefore, a metal that forms a nitride at lower temperatures is required. Promising results were already shown for Mo and V-based electrode stacks.
9-11 Schweitz et al. 10 obtained a specific contact resistance q C of 1.4 Â 10 À5 X cm 2 after annealing a V/Al/Pt/ Au electrode at 650 C. Nevertheless, in contrast to the conventional Ti/Al/X/Au electrode, the contact formation mechanism is still not completely understood. In this work, an optimized electrode that enables reduced annealing temperatures will be presented and an insight into the V/Al/Ni/Au contact microstructure will be given. 12 Prior to metal deposition, the samples were cleaned and a resist mask was applied by optical lithography. Subsequently, different metal stacks were deposited by electron beam evaporation (Table I) . Finally, the samples were structured by lift-off, cut into pieces, and annealed in a RTA step for varying times in a temperature range of 600 to 900 C. For sample set A, a V/Al/Ni/Au metal stack with layer thicknesses of 35/80/20/ 100 nm was used. The V layer thickness was reduced to 15 nm for set B. In order to investigate the influence of the aluminum on the contact formation, sample set C exhibits an identical V layer thickness of 15 nm but no Al interlayer. All samples were compared to a reference sample series with a conventional Ti/Al/Ni/Au metalization.
The q C was extracted from transmission line measurements using a circular pattern geometry. The effect of a nonzero metal resistance was taken into account as proposed by Marlow and Das. 13 Fig . 1 shows the q C for the Ti-based reference and the samples with V interface layer. For common HFET applications, a contact resistance of <1 X mm is desired 2 which corresponds to a q C of 1 Â 10 À5 X cm 2 for our C to achieve a sufficient q C of 6.5 Â 10 À6 X cm 2 .
The minimum q C of 5.9 Â 10 À6 X cm 2 was reached after a 30 s annealing at 850 C. Higher temperatures led to a further increase in q C again. In comparison, the ohmic contact formation for the V-based samples took place at lower temperatures. For sample set A, a 30 s annealing at 750 C was necessary. Sample set B containing the thinner V layer showed an ohmic behavior with q C as low as 8.9 Â 10 À6 X cm 2 after an annealing at 650 C only. This is a reduction of 100-150 K as compared to set A and the Ti-based reference. However, the lowest q C of 1.2 Â 10 À6 X cm 2 for set B was achieved after a 30 s annealing at 800 C. While the reduction in temperature is comparable to the work of Schweitz et al. 10 for a similar V/Al atomic ratio, the q C is the lowest value reported so far for V-based ohmic contacts on AlGaN/GaN.
Longer annealing times of 5 min led to a slightly improved contact behavior for the low temperature regime. Set A annealed for 30 s at 600 C exhibits rectifying contacts, while a 5 min annealing lead to a poor but still ohmic behavior. Experiments at higher temperatures showed no improvement of q C for longer annealing times, in contrary the contact resistance even increased further. Four point probe measurements were carried out in order to distinguish whether this effect is caused by a degradation of the contact to the 2DEG or the metal stack itself. Fig. 2 shows the metal resistivity q m vs. annealing temperature. For all annealed samples except set C, the measured q m is strongly increased by a factor of 10 to 100 compared to the as-deposited values. This can be explained by an intermixing of the metal layers and the formation of intermetallic compounds especially above the melting point of Al which is 660 C. Thus, a maximum in q m was found after annealing at 700 C. With a further increase in annealing temperature, the q m is reduced again. The onset of this reduction is closely related to the formation of low-resistive ohmic contacts shown in Fig. 1 . At temperatures above 800 C and for longer annealing times, the samples showed an additional degradation in q m . This can be probably attributed to an oxidation of the electrode stack, especially if it contains an Al layer. Since set C exhibits no Al interlayer, no significant increase in q m occurs in the temperature range below 800 C. Furthermore, sample set C exhibits a smooth surface and a stable q m at annealing temperatures between 800 and 900 C. However, beside the low q m and good morphology, the contact resistance of sample set C was very high. Fig. 1 shows an increase of approximately four orders of magnitude in q C as compared to set B.
In order to explain the experimental data of the electrical measurements, the microstructure of the annealed metal/ AlGaN/GaN stacks was investigated by transmission electron microscopy (TEM). For comparison, bright field TEM images and energy dispersive X-ray (EDX) measurements at characteristic points of the annealed V-based electrodes are shown in Fig. 3 after annealing due to the segregation of V-rich clusters (B4). For both samples, an average roughness R a of 70 nm was obtained by confocal laser microscopy which is a significant improvement compared to the Ti-based reference exhibiting a R a of 130 nm. At the AlGaN/metal interface, several regions with a local intermixing, frequently accompanied by dislocations in the GaN buffer, are visible. The intermixed regions reach up to 50 nm deep into the AlGaN/GaN and penetrate the 2DEG. In contrast, without any Al interlayer, the sample surface after annealing remains smooth with a R a below 10 nm (Fig. 3(c) ). EDX measurements proved that the AlGaN layer is still intact (C1), while Au and Ni diffuse into the V layer (C2) and possibly form alloys like AuV 3 or NiV 3 . The upper electrode exhibits a homogeneous Ni content which points to a solid solution in Au (C3). Some shallow intermixed regions exist at the AlGaN interface indicating a beginning contact formation. Nevertheless, the barrier layer is not fully penetrated which explains the high q C of sample set C.
The chemical composition of the intermixed interface regions was further investigated by EDX. In Fig. 4 , a detailed view of the set B sample is given. Two EDX line scans were performed through and beside the disordered area. In the intermixed region (b), Al and Ga had outdiffused into the metal electrode. Concurrently, V diffuses deep into the GaN buffer and also Au was found near the interface. Beside the intermixed region, the AlGaN barrier is still intact. An Al-rich phase forms between the barrier and the V layer as well as at the former Al/Ni interface. A bright field TEM image of the interfacial region is shown in Fig.  5(a) . The smooth Al-rich interface layer is crystalline and contains about 15 at. % V. It is only interrupted where the ohmic contact formation took place and the V layer was consumed by the reaction to VN. As the AlGaN barrier beneath the layer remains intact, the Al-rich phase is believed to be a product of the alloyed electrode metals. During annealing, the Al layer melts at temperatures above 660 C. V exhibits a low solubility of 0.3 at. % in solid Al, whereas it will dissolve partially in the liquid phase. On the V-rich side, the Al/ V phase diagram shows several peritectic reactions in the temperature range between 662 and 736 C. 14 14 Nevertheless, the Al 23 V 4 phase was found for set A (Fig. 3(a) , A1) as well as the local contact regions and therefore cannot explain the large difference in contact formation temperature and overall contact resistance. As it was shown in Fig. 2 , the metal resistivity is strongly affected by the presence of Al. It is well known that Al/Au intermetallics exhibit a much higher specific resistance than the pure metals itself. For example, the q m of AlAu 2 is 13.1 lX cm, where for Al and Au 3.2 lX cm and 2.3 lX cm were reported. 15 Comparing the annealed samples of sets A and B, the allocation of Al within the electrode is different. The first one (A2) exhibits a uniform distribution of Al and Au with an atomic ratio of 1:1.7, which is close to AlAu 2 found in the Al/Au binary phase diagram. 16 The latter one (B2 and B3) exhibits a low Al content but in return a significant amount of Ga was found throughout the electrode stack. The excess Al is mainly located at clusters on the sample surface (B4). Instead of highly resistive AlAu compounds, the annealed set B sample exhibits Ga-rich phases which seem to contribute to the low q m . The occurrence of Al/Au intermetallics is in agreement with the results reported for the conventional Ti-based contact. 17, 18 However, the differences in the V and Ti/Al phase diagrams have to be considered. Figs. 3(a)-3(c Since the process conditions and stacks of set A and B were identical beside the V layer, the differences in q C and the contact formation temperature have to be related to the V:Al thickness ratio. During annealing, the AlGaN barrier layer has to be penetrated in order to form a low resistive ohmic contact to the 2DEG. However, sample set C has shown that there is no sufficient reaction between the V layer and the barrier up to 900 C. The lowest contact formation temperature of 650 C was achieved for set B. This indicates that the formation of efficient ohmic contacts is facilitated by an annealing near the melting point of Al. Assuming a low solubility of V in liquid Al even at 800 C, the 35 nm thick V layer of set A prevents the Al-rich liquid from reacting with the AlGaN barrier. In this case, most of the Al will react with the Au cap since the TEM measurements have shown that the functionality of the Ni layer used as diffusion barrier is limited. Therefore, a lower amount of V will diffuse into the GaN and additionally q m will increase due to the high resistivity of the AlAu intermetallics. In case of set B, the Al can penetrate through the thin interfacial V layer and will react with the AlGaN barrier. As a result, Ga will be dissolved in the Al melt. The GaAu phase diagram 19 also exhibits several low melting intermetallics like Au 7 Ga 2 , AuGa, and AuGa 2 which seem to be thermodynamically favorable compared to the formation of AlAu 2 and may exhibit a lower electrical resistivity.
In summary, the potential of V-based electrodes as alternative ohmic contacts to AlGaN/GaN heterostructures has been shown. The electrical properties of the contacts were found to depend strongly on the V:Al thickness ratio. The presence of an Al interlayer within the electrode stack is necessary to penetrate the AlGaN barrier. Due to the low solubility of V in Al, the reaction of Al with the barrier and therefore the contact formation to the 2DEG are inhibited for thick V layers. Depending on the amount of Ga which is released during contact formation, the annealed electrode consists of different intermetallic phases. For q C values in the range of 10 À5 X cm 2 and below, the contribution of the electrode resistivity cannot be neglected. It was shown that the increase of q m is attended by the formation of high resistive AlAu compounds. Finally, with an optimized electrode stack exhibiting a V:Al thickness ratio of 1:4.4, lowresistive ohmic contacts with q C ¼ 8.9 Â 10 À6 X cm 2 were achieved after annealing at only 650 C. Compared to the conventional Ti/Al/Ni/Au metalization, this is a reduction of 150 K and an important step towards reducing the MISHEMTs gate leakage current.
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